We present complete near-infrared (0.85-2.45 μm), low-resolution (R ∼ 100) spectra of a sample of 54 disk M-, L-, and T-dwarfs with reliable optical or near infrared spectral-type classification from the literature. The observations were obtained with a prism-based optical element, the Amici device, which provides a complete spectrum of the source on the detector. Our observations indicate that low-resolution near-infrared spectroscopy can be used to determine the spectral classification of late-type field dwarfs in a fast but accurate way. We derive a set of near-infrared spectral indices that are useful to the classification of field dwarfs not seriously affected by reddening. Finally, we show that the comparison of Amici spectra with model atmospheres allows us to obtain a reliable estimate of the dwarf effective temperatures.
Introduction
We have witnessed an extraordinary evolution in the field of very low-mass stars and brown dwarfs. From being purely hypothetical objects, in only a few years, they have become first a curious oddity, following the first discoveries (Nakajima et al. 1995; Rebolo et al. 1995) , then an entirely new class of stellar objects that required the definition of two new spectral classes: L (Martín et al. 1999; Kirkpatrick et al. 1999) and T (Kirkpatrick et al. 1999; Burgasser et al. 2002a; Geballe et al. 2002) .
Very low-mass stars and brown dwarfs emit radiation mostly in the far red of the optical spectrum and in the near-infrared. For this reason the most successful strategies for identifying these objects have been based on near-infrared sky surveys, such as 2MASS (Kirkpatrick et al. 1999 Burgasser et al. 2002a) and DENIS (Delfosse et al. 1997; Tinney et al. 1998) , and the red optical data of the SDSS (Fan et al. 2000) . All of these surveys combined provide relatively good sensitivity in the appropriate bands and very wide area coverage. These two factors have allowed a sizeable number of nearby L-and T-type objects to be discovered, despite their intrinsic low luminosity.
Optical spectroscopic classification of the L-type objects, although feasible, has proven to be difficult because of the large amount of telescopes time required (Martín et al. 1999; Kirkpatrick et al. 1999) . For this reason, several authors have attempted to relate the optical classification schemes to those in the near-infrared (e.g., Reid et al. 2001; Testi et al. 2001, hereafter T01; Geballe et al.2002) . For T-dwarfs, optical classification is impractical and only near-infrared classification All the spectra presented in this paper are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/503/639 schemes have been proposed (e.g., Burgasser et al. 2002a Burgasser et al. , 2003 Geballe et al. 2002; Cushing et al. 2005) . Because of the higher brightnesses of objects in the near infrared, these classification schemes, especially those based on low-resolution spectroscopy have proven to be very efficient.
The possibility of deriving a consistent method for nearinfrared spectroscopic classification of atmospheres with spectral types later than mid-M is also attractive in confirming and classifying young, very low-mass objects in star-forming regions. The combination of cool atmospheres and environment extinction prevents the use of optical classification schemes in many young star-forming regions. As an example, Natta et al. (2002) and Testi et al. (2002) used low-resolution nearinfrared spectroscopic classification methods to classify embedded young brown dwarfs in the ρ-Ophiuchi star-forming region.
In this paper, we present the results of very low-resolution near-infrared observations of 54 field dwarfs with spectral types in the range M3 to T8. The goal of these observations is to show that very low-resolution near-infrared spectroscopy allows one to classify these objects accurately and, by comparison with model atmospheres, to derive a good estimate of the atmospheric effective temperature. This work represents the extension and completion of our earlier work on field L-type dwarfs (T01). Bouvier et al. (2008) applied our spectral library to the classification young T-dwarfs in the Hyades cluster.
The paper is organized as follows. In Sect. 2, we describe the sample selection criteria, in Sect. 3, the observation setup and, in Sect. 4, our near-infrared cool dwarfs spectral library. In Sect. 5, we discuss a set of spectral indices useful to spectral classification. In Sect. 6, a comparison with model atmospheres is presented along with the method used to derive effective temperatures. In Sect. 7, we summarize the main conclusions of this study. 
The sample
Field dwarfs were selected in order to obtain a coverage of the spectral types from M3V to T8V as uniformly as possible. The M-dwarfs were selected from the samples of Henry et al. (1994) and Kirkpatrick et al. (1995 Kirkpatrick et al. ( , 1999 according to observability, magnitude, and spectral-type classification. The selection of the L-dwarf sample was described in T01. The T-dwarfs were selected from the samples of Burgasser et al. (2000 Burgasser et al. ( , 2002a , Leggett et al. (2000) , and Strauss et al. (1999) . The final sample consists of 54 cool field dwarfs, 17 M type, 26 L type, and 11 T type.
Adopted from the literature, the spectral classification of the M-and L-dwarfs is based on optical, red spectroscopy, while the T-dwarf spectral types are based on the near-infrared classification scheme of Burgasser et al. (2004) . These authors provided a new classification scheme that refines, solves inconsistencies, and supersedes the previous schemes in Burgasser et al. (2002a) and Geballe et al. (2002) . The distribution of spectral types in our sample is shown in Fig. 1 . We emphasize that some authors have identified inconsistencies between the optical and infrared classification schemes of late dwarfs (e.g., Geballe et al. 2002) ; we did not explore these differences in our work but rather related our spectral library to the optical classification (where available). As we show in the following sections, this approach is quite successful and we do not find evidence that the use of our infrared spectral library could lead to ambiguous classification.
We decided not to include the coolest objects discovered most recently (Warren et al. 2007; Delorme et al. 2008) as the spectral classification of these remains uncertain. The possibility of extending the spectral library to the coolest objects will be considered when a larger number of them will be available and an appropriate spectral sequence will have been defined.
Observations and data reduction
The observational data were collected at the 3.58 m TNG with the Near Infrared Camera and Spectrograph (NICS), a cryogenic focal reducer designed as a near-infrared commonuser instrument for that telescope. The instrument is equipped with a Rockwell 1024 2 HAWAII near-infrared array detector. Among the many imaging and spectroscopic observing modes (Baffa et al. 2000 (Baffa et al. , 2001 , NICS offers a high throughput, very low-resolution mode with an approximately constant resolving power of ∼50, when the 1 wide slit is used. In this mode, a prism-based optical element, the Amici device, is used to obtain a complete 0.85-2.45 μm long-slit spectrum of the astronomical source on the detector (Baffa et al. 2001; Oliva 2003) .
The M-and T-dwarfs in our sample were observed during several observing runs in the June 2001 to May 2003 period (see Table 1 ). We used the 0.5 wide slit and the resulting spectra have an effective resolution of ∼100 across the entire spectral range, similarly the L-dwarfs observations reported in T01. Integration times on source varied from a few to 25 min, depending on the source brightness and sky transparency conditions. Wavelength calibration was performed using an Argon lamp and deep telluric absorption features. The telluric absorption was then removed by dividing each of the object spectra by an A0 reference star spectrum observed at similar airmass; the reference star was generally drawn from the Arnica standards list (Hunt et al. 1998) . Finally, flux normalization was completed using a theoretical A0 star spectrum smoothed to the appropriate resolution. No attempt was made to obtain an absolute flux calibration of the final spectra. All the spectra discussed in this paper were normalized to the average flux in the region 1.235-1.305 μm. The shapes of the final spectra were checked following the procedure outlined in T01. For all 11 T-dwarfs in our sample and 2 of the L-dwarfs in T01, low resolution, near-infrared spectra from IRTF/SpeX exist in the literature Burgasser 2006; Cruz et al. 2004 1 ). A comparison shows that the spectra from the two libraries are consistent within the uncertainties.
The Amici spectral library
The primary goal of this work was to provide a library of lowresolution near-infrared spectra of field dwarfs useful to spectral classification 2 . In Figs. 2 and 3 we show the spectra of M-and T-dwarfs, respectively; the L-dwarf spectra were shown already in T01 (their Fig. 1 ). Absorption features related to metals (KI, NaI) and molecules (TiO, FeH, CO) are visible in some of the spectra, depending on the spectral type and signal-to-noise ratio of the data, but are usually not resolved. The most prominent features in the spectra are those caused by water vapour and, for the coolest spectral types, methane absorption. These features, together with dust and H 2 collision induced absorption, determine the global shape of the spectra, which evolves distinctively from early M to late T types. These features and their theoretical interpretation have been discussed at length in the literature Reid et al. 2001; Leggett et al. 2001; Burgasser et al. 2002a; Geballe et al. 2002; Tsuji 2002) and are not rediscussed here.
An important point for the study in this paper is that, even at this low spectral resolution, the spectra exhibit a smooth but distinctive variation as a function of spectral type. With the possible exception of a few spectra of the lower signal to noise ratio, the library of Amici field dwarf spectra can be used as a source of templates to derive spectral types for faint or embedded cool objects for which higher resolution infrared spectroscopy or optical spectroscopy is impractical. This method was applied with success in deriving spectral classifications of young embedded brown dwarfs Testi et al. 2002; Bouvier et al. 2008) . a For M-and L-dwarfs we list the optical spectral types (from the reference in Col. 4), for T-dwarfs we list the NIR spectral types (from Burgasser et al. 2004 ). 45 μm low-resolution near-infrared spectra for all the M-Dwarfs in our sample. All spectra have been normalized by the average flux between 1.235 and 1.305 μm and a constant shift has been added to each to separate them vertically, the zero level for each spectrum is indicated by the dotted lines. Each spectrum is labeled with the name (for 2MASS objects the 2MASSJ prefix has been omitted) and the optical spectral type (see Table 1 for details). The shaded regions mark the spectral ranges where atmospheric absorption is most severe (between the J and H bands and between the H and K bands).
Spectral indices useful for classification
It is more practical to use a set of spectral indices when determining an approximate spectral classification. Many authors have proposed various near-infrared spectral indices that are useful in classifying of M-, L-and T-dwarfs (Reid et al. 2001; Burgasser et al. 2002a; Geballe et al. 2002) . In T01, we discussed a set of indices based on our low-resolution near-infrared spectra that measure the slope of the residual continuum and the strength and shape of the main water vapour absorption bands. The numerical values of these indices for to our original sample of L-dwarfs, showed a tight correlation with the optically determined spectral types.
In Figs. 4 and 5, we show the values of the "continuum" (sHJ and sKJ) and water-band indices (sH 2 O J , sH 2 O H1 , sH 2 O H2 , sH 2 O K ) defined in T01 as a function of spectral type for our complete sample of M-, L-, and T-dwarfs.
Both indices measuring the continuum slope (Fig. 4) show a tight correlation from the early M to the late L types corresponding to a progressive reddening of the spectrum. This trend is abruptly reversed for the T-dwarfs, which exhibit a strong blueing of the indices. This is caused by methane absorption and dust distribution in the atmosphere (see Allard et al. 2001) . Methane absorption mainly affects the peak of the H and K bands, and our indices measure the depth of the methane absorption more than the continuum spectral slope of T-dwarfs. A similar trend is also evident for the broad-band colors (Kirkpatrick et al. 1999 Burgasser et al. 2002a) ,where the progressive reddening from early M to late L types is reversed for the T-dwarfs.
The water indices (Fig. 5 ) are very well correlated with spectral type from the early M to the late L dwarfs. With the exception of the sH 2 O J index, the other indices show a less tight correlation with spectral type in the T-dwarf range, mainly because of the competing effect of the methane absorption.
As discussed by Burgasser et al. (2002a) and Geballe et al. (2002) , the classification of T-dwarfs is based on the spectral features produced by the methane absorption. It is thus clear that the most useful spectral classification indices are related to the methane features. The success of the sH 2 O J index in classifying T-dwarfs is due to its sensitivity to the methane feature, which is very close to the water band at 1.15 μm. We do not define new methane indices for the spectral classification of T-dwarfs, but instead show in Fig. 6 the value of the indices defined by Burgasser et al. (2002a) computed using our spectra. The values and correlation with spectral types are similar to the results of Burgasser et al. and we emphasize here that these same indices can be used to classify T-dwarfs using NICS/Amici spectra. In Appendix A, we present an example of using two of the most reliable indices for the spectral classification of field dwarfs. Even if the method that we describe is reasonably accurate for many applications, we emphasize that spectral classification is most reliably achieved by comparing the complete spectra of the objects to be classified with the spectra of objects of known spectral type in the library.
Classification of reddened late-type objects
Low-resolution near-infrared spectroscopy is especially useful to the spectral classification of embedded cool objects, such as young brown dwarfs in star-forming regions (e.g., Testi et al. 2002; Natta et al. 2002) . Other authors have discussed the issue of using dwarfs (or luminosity class V) as spectral standards for young pre-main-sequence objects (which have spectral properties of subgiants, or luminosity class IV). Wilking et al. (2003) showed that the spectral index they define for the classification of young M-type brown dwarfs has values closer to those of dwarfs rather than to giants (or luminosity class III). Other authors have highlighted the differences between young objects, field dwarfs, and giants (e.g., Kirkpatrick et al. 2006; Allers et al. 2007 ), A discussion of this problem is beyond the scope of this paper; we note, however, that, despite the difference in surface gravity, field M-and L-type dwarfs can be used, and indeed have been used, as comparison standards in classifying young embedded very low-mass stars and brown dwarfs Testi et al. 2002) . The computation of the spectral indices in the previous section for young objects in the SpeX Prism library are indeed consistent with their published spectral types (see Appendix A).
The use of spectral indices as defined in the previous section may be inpractical for reddened objects (see Appendix A). This is because, indices that measure the spectral slope at two wavelengths are systematically affected by extinction and any error in the dereddening of the spectra will be directly reflected in an error in the estimated spectral type.
To circumvent this uncertainty, Wilking et al. (1999) defined a spectral index, called Q, which measures the strength of the water absorption bands within the NIR K-band; it is formally insensitive to extinction and exhibits a very good correlation with M subtypes. In this paper, we call this index Q K . The use of this index with our Amici spectra is inpractical because it samples regions of the spectrum close to 2.5 μm that are usually affected by very high background, detector non-linearity, and low signal-to-noise ratio (in our Amici setup at the NICS/TNG). Additionally, the effectiveness of the Q K index is significantly reduced once the methane absorption become important and suppresses the peak emission in the K-band.
A similar index was defined by Lucas et al. (2001) for the H-band, which we call Q H . This index shows a strong correlation between the M and mid-L types and for the late T-types where the methane absorption features in the H-band are more prominent. Its effectiveness is lower between the mid-L and mid-T range, where the correlation with spectral types is not so strong (see Fig. 7) .
We explored the possibility of defining new indices at J, H, and K band that are generally insensitive to errors in the determination of extinction and subsequent dereddening of the observed spectra. None of the indices that we define is as strictly reddening-independent as the Q H and Q K indices defined by Lucas et al. (2001) and Wilking et al. (1999) , so all of them require an estimate of the reddening and a dereddening of the spectrum before the computation of the index and the estimate of the resulting spectral type. The indices are defined as: 
where, as in T01, F λ i −λ j is the average flux measured in the range λ i to λ j . The variation in all of these indices, including Q H and Q K , with the spectral type of the observed field dwarfs is shown in Fig. 7 . To explore the effects of an incorrect reddening correction, we simulated a dereddening error of plus and minus 3 mag (using the Cardelli et al. 1989 , extinction law) and recomputed the indices. The results are shown as black crosses in the same Fig. 7 . As expected, these reddening errors do not seriously compromise the classification using the I H , I K , and especially the Q H and Q K indices. The I J index, however, is more sensitive to dereddening errors and the relatively large errors that we simulated would compromise the classification by several subtypes. An example of the results that can be expected when classifying reddened objects using the reddening independent indices is given in Appendix A.
Comparison with model atmospheres
Ultimately, the goal of the spectral classification of an observed object is to estimate its atmospheric physical parameters, mainly the effective temperature, surface gravity, and metallicity. Burgasser et al. (2004) showed metallicity differences in low-resolution infrared spectra of late dwarfs, although detailed empirical calibrations and extensive grids of model atmospheres of different metallities are still lacking, we therefore chose not to explore the effects of metallicity in this paper. The comparison of our low-resolution spectra with model libraries allows us to obtain meaningful estimates of effective temperature and surface gravity. To explore this possibility, we devised a procedure for fitting theoretical model spectra to our Amici spectra. The model grids used in this exercise are those of the Lyon group ). The models span a wide range of effective temperatures and surface gravities for solar metallicities and a set of assumptions about both the dust location in the atmosphere and various types of molecular opacities. In our fits, we used three classes of models: the Dusty, Settl, and Cond models with AMES molecular opacities (see Allard et al. 2001; Leggett et al. 2001 Leggett et al. , 2002 , for details on the models). The atmosphere model fits to the observed spectra were performed following a procedure similar to that of Leggett et al. (2002) . For a given observed spectrum, the model spectra were smoothed to the appropriate resolution using a Gaussian function kernel and resampled on the same wavelength grid as the observational data; the model data were then scaled to the average flux of the observed spectrum and two merit figures were computed: the "q-estimator" defined by Leggett et al. (2002) , and a classical χ 2 . For each observed spectrum, we extracted the model spectra with the minimum value of "q" and χ 2 ; in general, with a few exceptions, the two best-fit models are either the same or have very similar physical parameters. To avoid problems with low signal-to-noise ratios and/or poor telluric correction, only spectral regions outside the worse telluric absorption windows were used for all the steps described above. This procedure was followed for the three class of models considered: Dusty, Settl, and Cond.
The results of the three classes of atmospheric model fits were inspected for each object. With some individual exceptions, the general trend was consistent with the expectations: the Dusty models offer more reliable fits than the other classes, for M-type and early L-type dwarfs; the Settl models appear to be the most appropriate for late L-type and early T-type dwarfs; while the late type T-dwarf spectra are best fit by Cond models. We defined the ranges of applicability of the three classes of models as follows: Dusty for M to L4 dwarfs, Settl for L5 through T2, and Cond for T3 through T8. These boundaries were chosen in an arbitrary way, the different classes of models usually providing equivalent fits to the transition types. Some examples of the fit results are shown in Appendix B along with a table of the best-fit model parameters derived from the two methods.
In Fig. 8 , we show the variation in the effective temperature of the best-fit models as a function of the spectral type of the observed dwarf. We find a generally good correlation and conclude that our model fitting procedure can be used to estimate the effective temperature of the observed dwarfs with an uncertainty of ∼100-150 K. This, of course, neglects any possible systematic model uncertainties.
In Fig. 8 , we also show the results of our studies for the Ldwarf range only (Marley et al. 2002; Burgasser 2001 ) and down to the T-dwarf regime ). All of these authors derived the effective temperatures based on objects with known parallaxes and by applying appropriate bolometric corrections to the measured magnitudes, and derived the effective temperatures from the bolometric luminosities and expected radius. It is comforting to verify that by fitting model atmospheres to the observed spectra, we derive values that are in reasonable agreement with these estimates. There are some possible systematic differences around the early and, more noticeably, late L types. The effective temperatures that we derive for the late L objects appear to be systematically ∼200 K above the other estimates. We note that the L to T transition region is critical to the models; in this range, it is indeed expected that the formation and vertical location of dust clouds in the atmosphere will drastically affect the emerging near-infrared spectrum (see e.g., the discussion in Ackerman & Marley 2001; Burgasser et al. 2002b; . It is clear that to obtain a satisfactory description of the atmospheres for these spectral types, the models need to take into account the complicated physics of cloud formation and stratification (see e.g., Tsuji et al. 2004) .
The surface gravity is far less tightly constrained by these types of fits than to the effective temperatures. Our best-fit model parameters are within the ranges expected for old field dwarfs (mostly 5.0 ≤ log(g) ≤ 6.0, in cgs units). Significant differences in the fits are expected for much lower gravity objects, such as young very low-mass stars in star-forming regions or late-type Giants.
Even if our results are very consistent with other studies, we note that our derivation of the photospheric parameters are also affected by the uncertainties in the model atmospheres that we have used. As an example, using different atmosphere models, Cushing et al. (2008) derived photospheric temperatures for two of the T-dwarfs in our sample that are significantly lower (∼300 K) than our estimates (and also lower than the Golimowski et al. 2004, fit) . 
Conclusions
We have presented a library of very low resolution, complete near-infrared spectra of M-, L-, and T-dwarfs in the solar neighborhood. We have confirmed and extended our earlier suggestions that low-resolution near-infrared spectroscopy is a powerful method for confirming and classifying faint dwarfs.
We have proposed a set of spectral indices that can be used to perform an accurate classification of faint dwarfs based on low-resolution spectra. Some of these indices are defined in such a way as to mitigate the effects of an incorrect or incomplete correction of the observed spectra for the effects of interstellar extinction.
The results of theoretical model atmosphere fits to our observed spectra have shown that the comparison between models and observations at this spectral resolution allows us to derive a reasonably accurate estimate of the effective temperature of the photospere. The values of the surface gravity derived from these model fits are within the expectations for old field dwarfs. Quantitative comparison with lower gravity objects is required to assess whether very low resolution spectra allow this additional atmospheric parameter to be constrained. We have also tested the procedure for the SpeX spectra of young objects (see Fig. A.2) , which are all in the very narrow range M6-M9. The classification using the spectral index is remarkably accurate with all the objects classified being within one spectral subclass of their assigned spectral type. As noted in Sect. 5 of the main text, the values of the spectral indices are affected by extinction. To illustrate the effect of an incorrect correction for the extinction on the estimated spectral types, we performed the same computation as above for the SpeX dwarfs spectra but assuming an error in dereddening of A V ± 5 mag (and assuming the Cardelli et al. 1989, extinction law) . The results, shown in Fig. A.3 top panel, show that the error introduced into the estimate of the spectral type is very large, making the use of the spectral indices essentially useless. In contrast, if the estimate of the spectral type is made using a quadratic fit to the reddening independent index I H (as derived from our Amici spectral library), the effect of the erroneous correction for 
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L0.5 2400 5.5 2300 extinction is essentially negligible (Fig. A.3 bottom panel) . We note that a classification based on the reddening independent indices is less accurate than that done with the other indices in the case of no extinction (or perfect dereddening). The use of the reddening independent indices should be limited to the cases in which these indices are effectively needed because of uncertainties in the reddening towards the target sources.
Appendix B: Results and examples of model fits
We present in tabular format the results of the model atmosphere fits to the observed spectra. We also provide some examples of the details of the model fits and the χ 2 surfaces.
In Table B .1, we report for each star the best-fit model effective temperature and surface gravity for both the χ 2 and the q methods. The results are presented for the range of applicability of the various models. We also provide (in parentheses) the results of each class of models for objects one subclass beyond their range of applicability.
In Fig. B .1, we show the results of fitting the Lyon model atmospheres to the observations of dwarfs well within the range of applicability of the various models: "Dusty" models for an M 8.5 dwarf, "Settl" models for a T1 dwarf, and "Cond" models for a T8 dwarf. The fits derived with the χ 2 method are shown; as noted in Sect. 6, no major differences appear if the "q"-method is used. In the same figure, we also show the χ 2 surfaces for a grid of models spanning a suitable range of effective temperatures and surface gravities. We note that the effective temperature is more tightly constrained by these fits than the surface gravity. It is not the purpose here to discuss how well the models fit the observations and which observed features are more difficult to reproduce. A comprehensive discussion of these issues is provided in the series of papers by Allard et al. (2001) , Leggett et al. (2001 Leggett et al. ( , 2002 , and Cushing et al. (2008) . What is useful to note is that our spectral library can also be a useful benchmark for identifying shortcomings in the models. As an example, the models cannot adequately fit the peak near 1.05 μm in the late T-dwarfs, while they provide an excellent fit throughout the remainder of the near-infrared domain. In Figs. B.2 and B.1, we show examples of fits to dwarfs close to the transition of applicability of different classes of models. In these ranges, the different classes of models offer similar fits, each class with different types of shortcomings or successes. The model parameters, especially the effective temperature, do not differ significantly, except in the case of the T2 dwarf, where the "Cond" models offer a very poor fit to the observed spectrum.
